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Abstract

The mantra that dietary (saturated) fat must be minimized to reduce cardiovascular disease (CVD) risk has dominated nutritional guidelines for decades.
Parallel to decreasing intakes of fat and saturated fatty acids (SFA), there have been increases in carbohydrate and sugar intakes, overweight, obesity and type 2
diabetes mellitus. The “lipid hypothesis” coined the concept that fat, especially SFA, raises blood low-density lipoprotein-cholesterol and thereby CVD risk. In
view of current controversies regarding their adequate intakes and effects, this review aims to summarize research regarding this heterogenic group of fatty
acids and the mechanisms relating them to (chronic) systemic low-grade inflammation, insulin resistance, metabolic syndrome and notably CVD. The intimate
relationship between inflammation and metabolism, including glucose, fat and cholesterol metabolism, revealed that the dyslipidemia in Western societies,
notably increased triglycerides, “small dense” low-density lipoprotein and “dysfunctional” high-density lipoprotein, is influenced by many unfavorable lifestyle
factors. Dietary SFA is only one of these, not necessarily the most important, in healthy, insulin-sensitive people. The environment provides us not only with
many other proinflammatory stimuli than SFA but also with many antiinflammatory counterparts. Resolution of the conflict between our self-designed
environment and ancient genome may rather rely on returning to the proinflammatory/antiinflammatory balance of the Paleolithic era in consonance with the
21st century culture. Accordingly, dietary guidelines might reconsider recommendations for SFA replacement and investigate diet in a broader context, together
with nondietary lifestyle factors. This should be a clear priority, opposed to the reductionist approach of studying the effects of single nutrients, such as SFA.
© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

The global burdens of the metabolic syndrome, and its conse-
quences, notably type 2 diabetes mellitus (DM2) and cardiovascular
disease (CVD) are alarmingly rising, producing enormous losses of life
quality in both developed and developing nations [1]. Most of these
burdens are preventable, since they are largely due to suboptimal
lifestyle, including excessive caloric intake, unbalanced diet, physical
inactivity, insufficient sleep, chronic stress, unhealthy environment
(e.g. smoking) and abnormal microbial flora [2–4]. Hominins have
facedmajor changes in both dietary and physical activity patterns and
body composition since our Paleolithic ancestors emerged on Earth
some 2.5 million years ago. Nowadays, there are striking differences
in dietary habits and rates of chronic diseases worldwide [5], and
therefore, the identification and targeting of dietary factors with the
greatest potential for reducing chronic diseases, notably DM2 and
CVD, are of major public health importance [6].

Fat, carbohydrates (CHO) and proteins are the primary energy-
containingmacronutrients consumed on a routine basis by humans. In
this context, the quality, rather than the quantity, of dietary CHO and
fat has become a relevant issue in the nutritional origins of
cardiometabolic conditions [6]. Among the macronutrients, fat
contains the highest amount of energy per gram. A “consumed
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calorie” is, however, not the same as an “available calorie”, since
isocaloric diets with different macronutrient compositions have
different effects on resting and total energy expenditure [7]. Total
and resting energy expenditures decrease in the sequence: very low
CHO diet (CHO:fat:protein=10:60:30 energy%)Nlow glycemic diet
(40:40:20 energy%)N low fat diet (60:20:20 energy%) [8], implying
that, on an isocaloric basis, the diet with the highest protein and fat
contents gives rise to the lowest weight gain.

The interest in the relation between dietary fat and CVD arose from
animal studies indicating that dietary cholesterol caused arterial
lesions, largely mediated through an elevation of blood cholesterol
levels [9]. Since then, the relation between dietary fat and CVD risk has
been intensively investigated, using different approaches, including
controlled feeding studies, randomized controlled trials (RCTs) and
large cohort studies [10]. One of the larger studies examining CVD risk
factors, the World Health Organization Multinational Monitoring of
Trends and Determinants in Cardiovascular Disease, already conclud-
ed, at the end of last century, that there was no clear relationship
between total cholesterol (TC) and CVD [11]. Evenmore striking is the
observation that two thirds of people admitted for acute coronary
events suffer from the metabolic syndrome, but 75% of these exhibit
completely normal TC and low-density lipoprotein-cholesterol (LDL-
C) concentrations [12].

The “lipid hypothesis” of CVD originated from the investigations of
Ancel Keys in the 1950s [13] and became exacerbated after his Seven
Countries Study in the 1970s [14]. Keys claimed that there was a
correlation between high dietary fat content, particularly saturated
fatty acids (SFA), and both elevated serum TC and LDL-C, and thereby
of CVD risk (for a historical review, see Ref. [10]). Since then, dietary
fat, and especially the consumption of SFA, has been consistently
demonized [15]. Yet, the reduction in LDL-C from reducing SFA intake
seems to be specific for large and buoyant low-density lipoprotein
(LDL) particles, while the small and dense LDL particles are in fact the
ones implicated in CVD [16,17]. Accordingly, the levels of small dense
LDL have been shown to increase in response to low-fat/high-CHO
diets [18,19].

Most of the studies on SFA solely focused on their tendency to alter
lipoprotein metabolism and thereby influence the concentrations of
lipoproteins carrying cholesterol in blood. Therefore, the question of
what constitutes the healthiest overall mixture of the different classes
of dietary fats still remains unanswered. Both agricultural and food
industries are guided by recommendations to the public to decrease
SFA intakes to “as low as possible”, but in dietary guidelines, no lower
limit of SFA intake has yet been identified [20].

In view of the controversy regarding adequate intakes and the
complex effects of fatty acids (FA), notably SFA, this review aims to
summarize research findings and observations regarding this partic-
ular group of FA and the mechanisms that relate them to (chronic)
systemic low-grade inflammation, insulin resistance, the metabolic
syndrome and eventually the development of CVD, amongmany other
typically Western diseases associated with the metabolic syndrome.

2. SFA: Function and occurrence

The study of lipids, and FA as their major structural elements,
remains one of the most enigmatic and complex research fields in
biology and nutrition. As one of the energy-producingmacronutrients
in our diet, fat provides essential FA, and dissolves and assists in the
absorption of fat-soluble vitamins and other essential nutrients.
Dietary fat induces metabolic effects that are a complex consequence
of the FA composition of food, its timing and intraindividual and
interindividual variations. FA are key elements of all tissues. They are
required for several basic functions in animals, playing pivotal roles as
energy sources [21], elements of membrane phospholipids [22] and
the main fuel (50%) for the production of prolonged low-intensity
shivering, under cold circumstances [23]. The type of dietary fat affects
vital functions of the cell and its ability to resist dysfunction, e.g. by
influencing the functions of membrane-embedded receptors, en-
zymes and transport systems, by determining basic membrane
characteristics and by producing highly active lipid mediators [24,25].

SFA, as part of FA, are used as, among others, energy source,
building blocks for structural elements, for protein modification and
for regulation of gene transcription [21]. Compositional analyses have
shown remarkable specificities for particular SFA in cellular compart-
ments [26], though the metabolic aspects and health effects of the
individual SFA are hard to examine [27]. Adipose tissue and liver own
the capacity to de novo synthesize and store SFA, particularly palmitate
(16:0), from polar precursors, notably glucose [28,29]. In addition to
16:0, the mammary gland owns the means to produce other specific
SFA, such asmyristic (14:0) and lauric (12:0) acids, providing a source
of easily available energy, emulgating capacity and microbial
protection to ensure growth, development and survival of the
mammalian offspring [30].

SFA usually account for 30–40 g% of total FA in human tissues,
distributed among 16:0 (15–25 g%), stearic acid (10–20 g%), 14:0
(0.5–1 g%) and 12:0 (less than 0.5 g%) [31]. Palmitic and stearic
acids are universally found in natural fats, while 12:0 is especially
abundant in coconut (39–54 g%) and palm kernel (44–51 g%) oils
(Table 1). Major sources of 14:0 are butter fat and both coconut and
palm kernel oils [27]. However, the principal dietary sources of SFA
in most Western countries are full-fat dairy products, red meat and
grain-based dishes (e.g. pizza, pasta and desserts) [32–34], the
latter also being rich in trans FA, low in polyunsaturated fatty acids
(PUFA) of the ω3 series and with a high glycemic load (GL), a
composition remotely away from the diet consumed by our
Paleolithic ancestors.

Without yet entering the debate on the deleterious or beneficial
effects of the different types of SFA, it has become clear that they
cannot be considered as a single group in terms of structure,
metabolism or cellular function [35,36]. Our body is capable of
synthesizing SFA from CHO, via de novo lipogenesis (DNL) [28], which
are basically the same FA as present in dietary fats of animal origin,
mainly 16:0, but also 18:0, 14:0 and 12:0 to a lesser extent [37].
Myristic and palmitic acids are directly involved in two classes of
posttranslational protein modifications, namely N-terminal myristoy-
lation and side-chain palmitoylation [38]. The reversible attachment
of 16:0 to the sulfur atom of cysteine facilitates protein–membrane
interactions and the intracellular movement of proteins, and it is
involved in a variety of signal transduction pathways. Myristoylation
includes key components in intracellular signaling pathways, onco-
genes, structural viral proteins and common constitutive eukaryotic
proteins [31]. The so-called medium-chain SFA [medium-chain fatty
acids (MCFA); 6–12 carbons] are mainly oxidized in the liver, as e.g.
demonstrated by the low-fat deposition in adipose tissue from rats
overfed with a medium-chain triglyceride (TG) diet compared with
rats overfed with isocaloric long-chain TGs [39].

Complex CHO, such as dietary fiber, are metabolized by the colon
microbiota and then fermented to short-chain fatty acids (SCFA; less
than 6 carbons), mainly acetate, propionate and butyrate [40]. The
latter is used as a fuel metabolite by the colonic epithelial cells and
simultaneously prevents autophagy in these colonocytes [41]. Acetate
and propionate are transported to the liver and peripheral organs,
where they become substrates for gluconeogenesis and lipogenesis
[40]. In addition to serving as energy sources, SCFA, notably butyrate,
also affect colonic gene expression via histone deacetylase inhibition
[42] and via metabolic regulation through signaling via G-protein-
coupled receptors, such asGPR43. For example, SCFAhavebeen shown
to suppress inflammation through GPR43 signaling in immune cells
[43] and to modulate glucagon-like peptide 1 secretion, thereby
improving insulin secretion [44]. Moreover, butyrate induces



Table 1
Fat and FA content (saturated, monounsaturated and polyunsaturated) in different foods in g%

Oils Dairy products Meat and fish

Fat and
FA

Coconut
oil a

Palm
oila

Fish oil
(cod liver)a

Olive
oila

Sunflower
oil (high
LA, N65%)a

Buttera Cheese,
parmesana

Milk,
cowa

Milk,
sheepa

Beef,
tenderloin,
rawa

Beef,
sirloin,
steak,
rawb

Chicken
(white
meat)b

Game
meat,
antelope,
rawa

Game
meat,
moose,
rawa

Fatty fish
(salmon,
Australian)c

Fat content 100.00 100.00 100.00 100.00 100.00 81.11 25.83 3.25 7.00 21.83 11.13 1.60 2.03 0.74 11.10
SFA 86.50 49.30 22.61 13.80 10.30 61.92 63.53 57.23 65.76 41.04 40.35 23.13 36.45 29.73 28.03
12:0 44.60 0.10 NA 0.00 0.00 2.79 3.38 2.37 3.41 0.18 0.22 0.00 0.00 NA NA
14:0 16.80 1.00 3.57 0.00 0.00 10.01 11.27 9.14 9.43 3.07 3.16 0.63 0.99 0.00 0.80
16:0 8.20 43.50 10.63 11.30 5.90 26.17 26.97 25.51 23.17 23.96 24.29 16.25 16.75 12.16 19.02
18:0 2.80 4.30 2.80 2.00 4.50 12.06 8.91 11.23 12.84 12.69 12.36 6.25 18.23 17.57 6.10
MUFA 5.80 37.00 46.71 73.00 19.50 28.13 29.09 24.98 24.63 42.42 42.81 30.00 23.65 20.27 25.80
18:1ω9 5.80 36.60 NA 71.30 19.50 25.03 25.77 24.98 22.26 37.29 37.80 25.00 23.65 18.92 16.70
PUFA 1.80 9.30 22.54 10.50 65.70 3.69 2.20 6.00 0.31 3.99 3.80 25.00 21.67 32.43 40.00
LA 1.80 9.10 0.94 9.80 65.70 2.25 1.05 3.69 2.59 2.57 2.44 15.00 12.32 18.92 2.90
AA 0.00 0.00 0.94 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.02 NA 0.12 0.07 5.10
ALA 0.00 0.20 0.94 0.80 0.00 1.45 1.15 2.31 1.81 1.15 1.19 0.63 3.45 4.05 0.80
EPA 0.00 0.00 6.90 0.00 0.00 0.00 0.00 0.00 NA NA 0.00 0.00 NA NA 6.60
DHA 0.00 0.00 10.97 0.00 0.00 0.00 0.00 0.00 NA NA 0.00 1.25 NA NA 24.60

Abbreviations: AA, arachidonic acid; ALA, alpha-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; LA, linoleic acid; MUFA, monounsaturated fatty acids; NA, not
available; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids.

a Data from [312].
b Data from [318].
c Data from [314].
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apoptosis in a variety of tumor cells [45] while other SFA may also
influence apoptosis via the ceramide pathway through the induction
of ceramide de novo synthesis at several steps, including serine
condensation with palmitoyl-CoA [46].
3. Human milk SFA

The FA inmilk deserve special attention, sincemilk is the only food
that is produced by the animals' own biochemical machinery and
therefore provides insight into the animal's physiological needs and
evolutionary past. Humanmilk may consequently harbor information
on the importance of many nutrients, including SFA. Nevertheless, the
optimal human milk composition has been subject of study for
decades. There is e.g. no gold standard for the human milk FA
composition. This composition is dependent on the short- and long-
term maternal diet [47], while there is a lack of consensus regarding
the optimal maternal diet [48]. The large worldwide variability of the
human milk FA composition is testimony of the wide variety of foods
tolerated by human beings, with dietary FA and CHO as major
determinants [48]. There is, however, some degree of unity, and this is
notably the case for SFA.

SFA represent around 40–60 g% of humanmilk FA [49], while 14:0
and shorter-chain SFA (less than 12 carbons) usually represent each
about 10 g% [31] and 16:0 is about 22 g% [48] (Table 2). Despite the
large biological variation in the composition of human milk FA,
palmitate exhibits the lowest worldwide biological variation [48].
Myristic acid, 12:0 and shorter-chain SFA are produced in the
mammary gland under the influence of a unique uncoupling protein
that functions in the local de novo FA synthesis (DNL) from glucose.
These MCFA are largely incorporated into milk TGs, following a CHO-
rich meal [50]. It is, however, unlikely that, in the past, abundant
dietary CHO served as a major substrate for MCFA production in the
mammary gland, since the routine consumption of CHO-rich dietswas
not part of our culture until the start of the Agricultural revolution,
some 10,000 years ago [51]. The inhabitants of the island of Chole and
of Dar-es-Salaam, both in Tanzania, present low-CHO intakes from
grains and corn and high consumptions of coconut. Theirmilks exhibit
the highest caprylic acid (8:0) and 12:0 contents [51] (Table 2),
confirming MCFA incorporation into human milk lipids following
coconut consumption [51,52].
Milk MCFAmay confer many favorable properties to the newborn.
They serve as easily absorbable energy sources and exhibit broad-
spectrum antiviral and antimicrobial properties. Milk MCFA content
increases with advancing lactation [30,53], and the colostrum of
mothers delivering preterm presents a higher MCFA content than
those delivering at term [54]. MCFA in TGs entering the neonatal
gastrointestinal tract are easily released by tongue lipase. Subse-
quently, the pancreatic- and milk-stimulated biliary lipases can
process more effectively the already partially digested TGs [55].
Because of their polarity, the released MCFA are already largely
absorbed in the stomachof the neonate, and thereby acting as a rapidly
available energy source for the breastfed child. Lauric acid exhibits
antimicrobial properties, against, among others, Helicobacter pylori
[56], and operates synergistically with 1-monomyristyl as a bacteri-
ostatic agent in the formof 1-monolauryl [57]. Finally, it is noteworthy
that, in the developing brain, the essential FA alpha-linolenic acid is
mostly converted into SFA and cholesterol [58], which are the two
main culprits in the “lipid hypothesis” of CVD [14].

Summarizing the past two paragraphs, it is clear that SFA are not
essential nutrients by definition. They have, nevertheless, important
functions that deserve acknowledgement. Stigmatizing SFA and
removing them from our diet may not be the “magic bullet” in the
fight against the burden of typicallyWestern diseases of affluence. The
indisputably high human milk SFA content is testimony of their
beneficial effects, at least in breastfed infants.
4. The “lipid hypothesis” of Keys and its consequences

The “lipid hypothesis” supports the concept that fat, especially SFA,
as well as dietary cholesterol, raises blood cholesterol and thereby
contributes to CVD risk [13]. However, the preliminary data from 22
different countries did not support the hypothesis that fat intake was
unambiguously related with CVD (Fig. 1A) [59]. Data from 15
countries were excluded (Fig. 1B) in the published version of the
Seven Countries Study [13]. Nevertheless, the findings gave rise to the
first set of national dietary recommendations [59]. These recommen-
dations advised us to reduce total fat to 30 energy% and SFA to
10 energy%. They occurred despite the negative outcomes of RCTs
published between 1965 and 1978, i.e. prior to the first issue of these
recommendations in 1977 and 1983 in theUSA andUK, respectively. A



Table 2
FA content (saturated, monounsaturated and polyunsaturated) of milk in several populations and FA composition of various human tissues in g%

FA Breast milk,
Chole, TZa

Breast milk,
Maasai, TZa

Breast milk,
Jerusalemb

Breast
milk, NLb

Subcutaneous adipose tissue,
newborns, Curaçao, The
Netherlands Antillesc

Subcutaneous adipose tissue,
non pregnant women, Curaçao,
The Netherlands Antillesc

RBC, newborns,
Maasai, TZd

RBC, adults, Maasai
Wasso, TZe

RBC, adults, NLe

SFA 75.30 56.14 54.25 58.78 53.20 32.37 52.40 55.51 45.44
12:0 20.17 7.82 9.67 8.20 0.30 0.58 NA NA NA
14:0 21.19 9.22 7.98 7.89 3.51 2.76 0.47 0.70 0.32
16:0 24.90 27.90 18.97 23.21 42.26 23.19 27.40 25.75 20.26
18:0 3.64 6.04 4.93 7.18 5.44 5.19 16.80 18.52 16.20
MUFA 17.85 33.89 33.18 33.04 41.60 48.75 16.60 18.61 18.73
18:1ω7 1.59 1.68 1.74 3.13 2.14 4.05 2.10 NA NA
18:1ω9 12.79 27.66 28.14 26.49 28.22 39.32 9.35 12.83 11.90
PUFA 6.86 10.84 19.90 15.53 5.20 18.88 34.20 35.74 35.19
LA 4.23 8.79 16.57 12.84 3.56 16.90 3.01 9.98 8.76
AA 0.50 0.37 0.48 0.37 0.80 0.35 16.60 13.97 14.11
ALA 0.28 0.63 0.97 1.02 0.01 0.63 0.09 0.35 0.15
EPA 0.13 0.07 0.04 0.05 0.00 0.01 0.11 0.66 0.51
DHA 0.73 0.20 0.16 0.19 0.32 0.11 4.09 2.59 4.21

Abbreviations: AA, arachidonic acid; ALA, alpha-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; LA, linoleic acid; MUFA, monounsaturated fatty acids; NA, not
available; NL, The Netherlands; PUFA; polyunsaturated fatty acids; RBC, red blood cells; SFA, saturated fatty acids; TZ, Tanzania.

a Data from [51].
b Data from [48].
c Data from [313].
d Data from [315].
e Data from [150].
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recent metaanalysis of these trials, investigating mortality reduction
by either lower fat intake or SFA replacement by vegetable oils,
revealed that serum cholesterol decreased, but not total nor CVD
mortality [60].

At the end of last century, Hayes [61] highlighted the possible flaws
of the equations presented by Keys and the other Seven Countries
coworkers and pointed at the pivotal role of environmental and
genetic variables affecting individual responses. For example, Keys et
al. assumed a standard response to dietary fat, but later studies
showed that hormones and circulating lipids, among others, influence
the abundance of LDL receptors in the liver [62] and thereby plasma
LDL clearance [63]. Moreover, the presence of dietary ω3-PUFA was
ignored, and all the (positive) effects caused by PUFA were granted to
linoleic acid (LA) [61]. In addition, Keys did not show an association
between dietary fat and mortality from all causes [59], and therefore,
their data indicating that an increased fat intake increases the risk of
death should not be considered as legitimate [64].

Consequently, by virtue of lack of data, the actual American Dietary
Guidelines Advisory Committee Report does not provide sufficient
evidence to conclude that decreases of dietary SFA, but also of e.g. salt
and animal protein, would lead to positive health outcomes [65].
Nevertheless, from the 1970s to 2012, CHO intake in theUSA increased
from 44.0 to 48.7 energy%, protein intake decreased from 16.5 to
15.7 energy% and fat decreased from 36.6 to 33.7 energy% [66], with a
concomitant reduction of SFA intake from 13.5 to about 11 energy% in
men and that from 13 to 11 energy% in women [67] (Fig. 2). There has
been a concomitant increase in the consumption of high-fructose corn
syrup together with a decrease in the consumption of refined sugar, to
the extent that, nowadays, the consumptions of these two forms of
“fast” CHO are similar [68]. In addition, in the USA and The
Netherlands, as in most Western countries, the consumption of LA is
currently higher than ever along the evolution of the Homo sapiens
sapiens and probably all of its extinct forefathers up to the common
ancestor with the chimpanzee, some 6 million years ago [69–71].

The mantra that (saturated) fat must be removed from the diet to
reduce CVD risk has dominated both dietary advices and guidelines for
decades [72]. However, parallel to the decrease in fat and SFA intake
and the increase in CHO intake (particularly monosaccharides and
disaccharides) [73], there has also been an increase in the prevalence
of overweight, obesity and DM2 [74–77]. In particular, since the “diet-
heart hypothesis” of Keys [13], the prevalence of obesity has increased
from 11.9% in 1971 to 33.4% in 2012 (men) and from 16.6 to 36.5%
(women) [74,75] (Fig. 3).

5. Current intakes and recommendations: Far away from a
Paleolithic diet

Dietary fat is, after CHO, the main energy source in Western
countries. For instance, the dietary intakes of fat in the USA [78] and
TheNetherlands [33] comprise about 33 and 34 energy%, respectively.
The current macronutrient composition and their quality (e.g. animal/
vegetable protein, FA composition, complex/simple CHO) contrast
with the dietary composition of our ancestors during the Paleolithic
period [68], from which we do not differ much genetically and
certainly not with respect to our main metabolic pathways. Northeast
Africa is the region currently thought most pertinent to the
establishment of the contemporary human genome. There, our
earliest behaviorally modern ancestors of some 150,000 years ago
might have obtained, on average, about 35 energy% from fats,
35 energy% from CHO and 30 energy% from protein [79]. Neverthe-
less, fat intake by Paleolithic hunter-gatherers may have varied
drastically with latitude, e.g. N60% fat in Arctic regions and b25% fat in
certain tropical locations [80]. Although dietary patterns varied with,
among others, latitude, season, weather and culture, all ancestral diets
shared some common key features. Food sources were limited to
unprocessed plants and to foraged and hunted land and marine
animals that only consumed natural foods from the local environ-
ments [68]. Traditional hunter-gatherers, unlike typically Western
society members, consume all edible components of the animals they
kill, including muscle meat, brain, organs, bone marrow and storage
depots [81]. With the advent of both the Agricultural Revolution and
animal husbandry, between 5,000 and 10,000 years ago, and more
recently, the Industrial Revolution, we have dramatically altered the
nutrient balance by consuming the foods typical for Western societies
[82]. Game andwild plant foods contain relativelymore protein, more
roughage and more micronutrients per unit of weight than the foods
typically available in the current Western supermarkets [81]. In
addition, while its composition varies with season, the fat of wild
animals tends to havemoremonounsaturated fatty acids (MUFA) and
PUFA and less SFA than their farm-raised counterparts [79] (Table 1).

Low-fat/high-CHO diets are within the current range of recom-
mendations of the Institute of Medicine [83] to consume 10–



Fig. 1. Data from the “Seven Countries Study” showingmortality from arteriosclerotic and degenerative heart disease as a function of fat calories. Panel A. Mortality from arteriosclerotic
and degenerative heart disease as a function of dietary fat calories in 55- to 59-year-old males. Data on mortality are in deaths per 100,000 inhabitants; fat calories represent the
percentage of total calories. Data from [59]with permission from TheMedical Society of the State of NewYork. Panel B.Mortality from degenerative heart disease as a function of dietary
fat calories. Data on mortality are in deaths per 1,000 inhabitants; fat calories represent the percentage of total calories. Degenerative heart diseases are categories 93 and 94 in the
Revision of 1938, Categories 420 and 422 in the Revision of 1948, International List. National vital statistics are from official sources. Fat calories and percentage of total calories were
calculated from National Food Balance Data of 1949 supplied by the Nutrition Division, Food and Agriculture Organization of the United Nations. Data from [13] with permission from
Journal of Mount Sinai Hospital.
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35 energy% protein, 45–65 energy% CHO and 20–35 energy% fat. Such
diets are, however, being increasingly criticized. It was already
observed in the early 1960s that very low fat diets (where ≤15% of
total calories are derived from fat) result in hypertriglyceridemia [84].
This effect was later attributed to increased rates of hepatic DNL
[29,85] and the subsequent production of hepatic TG-rich particles,
causing higher concentrations of very-lowdensity lipoprotein (VLDL)-
cholesterol and lower high-density lipoprotein-cholesterol (HDL-C),
without yielding concomitant decreases in LDL-C [86]. Metaanalyses
of RCTs did not find any potential health benefit of a low-fat diet in the
general population [87,88]. An updated review of RCTs suggested a
small (14%) but potentially important reduction in CVD risk with the
modification of the type of dietary fat, but not with the reduction of
total fat [89]. As a matter of fact, short-term consumption of a low-fat
diet only shows beneficial effects on plasma lipid concentrationswhen
Fig. 2. Energy percentages from macronutrient intake among men (panel A) and women (pan
intake in kilocalories increased, while energy% from CHO increased and energy% from total fat
States, 1971–2000. For men (panel A), the energy% from CHO increased between 1971–1974 a
(Pb0.01). The energy% from total fat decreased from 36.9% to 32.8% (Pb0.01) formen (panel A)
from 13.5% to 10.9% (Pb0.01) for men and from 13.0% to 11.0% (Pb0.01) for women (data not s
(Pb0.01) for men (panel A) and from 16.9% to 15.1% (Pb0.01) for women (panel B). Sample si
7,537 women in NHANES III. Adapted from the Centers of Disease and Control (CDC) [67] wit
accompanied by weight loss [90]. A recent systematic review and
metaanalysis demonstrated the beneficial effects of a high-fat versus a
low-fat diet on blood pressure and also TG, HDL-C and fasting glucose
levels in both prediabetic subjects and patients with DM2 [91,92].

Nowadays, partially acculturated Greenland Eskimos obtain 4–
8 energy% from SFA, but in the USA, SFA, MUFA and PUFA intakes
represent about 11 [67], 12 and 7 energy% [93], respectively, and 12.5,
12.7 and 6.3 energy% in The Netherlands [33]. The estimated SFA intake
by Paleolithic humans amounted to 5–7 energy%, while trans fats
contributed in negligible amounts [79]. More recent estimates from
variousmodels studied byKuipers et al. [70] showmedian Paleolithic SFA
intakes ranging from 11.4 to 12.0 energy%, while the total range from all
scenarios amounted to 6.8–19.0 energy%. TheWorldHealthOrganization
[94] and the 2010USDietaryGuidelines [20] recommend consuming less
than 10 energy% from SFA, and the American Heart Association (AHA)
el B) aged 20–74 years from 1971 to 2000 in the USA. From 1971 to 2000, mean energy
decreased. Data from the Health and Nutrition Examination Surveys (NHANES), United
nd 1999–2000 from 42.4% to 49.0% (Pb0.01); for women (panel B), from 45.4% to 51.6%
and from36.1% to 32.8% (Pb0.01) for women (panel B). The energy% from SFA decreased
hown). A slight decrease was observed in the energy% from protein, from 16.5% to 15.5%
zes ranged from 1,730 men and 2,003 women in NHANES 1999–2000 to 6,630 men and
h permission from the CDC.
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Fig. 3. CHO intake and prevalence of obesity in the USA from 1960 to 1997. Mean CHO intake (dotted line) is in grams per day (g/day) and obesity (body mass indexN30 kg/m2, vertical
bars) is in percent (%) of total population. The intake of corn syrup sweeteners (as a representative for refined CHO) in 1997, which were almost nonexistent at the beginning of the
century, comprised 20% of the total daily CHO intake and 10% of the daily total energy intake, representing an increase of 2100% in this period. The authors found a strong association
between an increased consumption of refined CHO in the form of corn syrup, a decreased consumption of dietary fiber and an increasing trend in the prevalence of type 2 diabetes in the
United States during the 20th century. Data from [206] with permission from The American Society for Nutrition.
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advices on less than 7 energy% [95], while aiming at 5–6 energy% for
patients with high LDL-C [96]. The AHA also recommends ω6-PUFA
intakes (i.e. LA) of 5–10 energy% [97], while the median LA intakes from
our ancient diet varied from 2.3 to 3.6 energy% [70].

In The Netherlands, the average fish consumption hardly amounts
to three times per month, while the recommendation is twice per
week, including one portion from fatty fish. Themedian intakes of the
sum of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
by adults amounts to 75–107 and 77–110 mg per day by women and
men, respectively [33], while it is recommended to consume 450 mg/
day [73] and the median intake from an East African Paleolithic diet
ranged from 2.26 to 17.0 g/day, dependent on scenario [70]. Thus, in
contrast to the present intakes, dietary SAFA intake was accompanied
in the past by high intakes of EPA and DHA, emphasizing the
importance of a balance between SAFA and PUFA and between
omega-3 and omega-6 FA, as opposed to the evaluation and
recommendation of single nutrients. In addition, the median intake
of vegetables and fruits by Dutch adults barely reaches 200 g per day
(recommendation 400 g/day; i.e. 200 g from fruits and 200 g from
vegetables) [33]. Not surprisingly, the major contributors to diet-
associatedmortality in both the USA and TheNetherlandswere, by far,
insufficient intakes of fish, vegetables and fruits, with less important
roles for the intakes of saturated and trans FA [98].

6. (Saturated) fat and CVD risk

Diminishing SFA consumption is recommended to reduce CVD, by
virtue of its influence on lipoprotein-cholesterol levels. This chapter
explores this relation and discusses the evidence linking SFAwith CVD
risk. It also explores the SFA–CVD risk relation in the context of
nutrient replacement and embarks into the relation between CVD and
the consumption of dairy and meat, the latter being the principal
sources of SFA in the typical Western diet.

6.1. Lipoproteins, FA, cholesterol and CVD risk

It is almost universally accepted that high serum TC and especially
LDL-C are risk factors for CVD, while a high level of HDL-C is, on the
other hand, protective. Serum TC/HDL-C ratio is the consensus CVD
risk factor employed for CVD risk assessment of the individual subject.
Inmen, one unit increase in the TC/HDL-C ratio is considered to confer
a 53%higher CVD risk [99]. A 1% reduction in TC and LDL-C corresponds
with a 2% and 1.7% CVD risk reduction, respectively [100], while an
increase inHDL-C of 0.025 mmol/L (1 mg/dl) correspondswith a 2–3%
decrease in CVD risk [101]. The emphasis related to SFA is usually on
the seemingly unfavorable relation with LDL-C (see below). However,
the causal relationship between LDL-C and CVD [102] is still subject of
debate [103,104]. There is no doubt that statins reduce TC, LDL-C and
CVD risk in both primary and secondary prevention studies [105].
However, the reduction of CVD risk is accompanied by a decrease of
both LDL-C and C-reactive protein [105,106]. The pleiotropic effect of
statins [107] and, in particular, their antiinflammatory properties
[108], may represent a solid example of the intimate relationship
between (low-grade) inflammation and metabolism [3,109].

The metabolic syndrome (later coined the “insulin resistance
syndrome” [110]) is characterized by excessive bodyweight, impaired
glucose homeostasis, hypertension and atherogenic dyslipidemia (the
“deadly quartet”). This combination is a major risk factor for CVD and
other “typically Western” diseases [111]. The coinciding atherogenic
dyslipidemia is composed of elevated TGs, small dense LDL particles
and reduced HDL-C (the “deadly lipid triad”) [112]. Small dense LDL
particles are susceptible to oxidation and thereby to structural
modification [113]. They easily pass into the subendothelial space
and may thereby promote atherosclerotic plaque formation [114]
through foam cell generation, local inflammation and endothelial
dysfunction [115]. Both oxidized and small dense LDL have been
related to increased CVD risk [113,116] and they occur in conjunction
with the high TG and low HDL-C features of the metabolic syndrome.
Under these conditions, also high-density lipoprotein (HDL) particles
change into what has unfortunately been coined “dysfunctional HDL”
because of its proinflammatory character, in contrast to “normal HDL”
([115]; see below). Hence, it may be of more diagnostic value to
employ plasma TG/HDL-C concentration ratio to define an atherogenic
profile and thereby identify individuals with low insulin sensitivity
and subsequent increased CVD risk [110,117].
6.1.1. Trans FA
It is universally accepted that trans FA increase CVD risk, most

probably through their proinflammatory properties [118,119]. Trans
FA comprise industrially produced, artificial, trans FA (found, among
others, in many fast foods, bakery products and margarines) and
naturally occurring trans FA (ruminant, e.g. present in dairy andmeat)
[120]. For instance, conjugated linoleic acid (CLA) is a trans FA
naturally present in small amounts in ruminant fat [120]. Both
observational studies on the relation of trans FA with risk [121,122]
and metabolic studies on the relation of trans FA with lipoproteins
[119,123,124] indicated that industrial trans FA have detrimental
effects on cardiovascular health, increase LDL-C and lower HDL-C
blood levels, the latter being distinct from the effect of SFA.
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A metaanalysis of observational studies showed that the replace-
ment of 2 energy% CHO, SFA and cis-MUFA or cis-PUFA by 2 energy%
industrially produced trans FA correspondswith 20–30% higher risk of
myocardial infarction and CVD mortality [125]. Not all trans FA seem
equal: a recent metaanalysis of prospective studies suggested that the
intake of industrial trans FA may be positively related to CVD, while
the intake from ruminant trans FAwas not [126]. Amore recent review
showed that, on a weight basis, CLA, ruminant and industrial trans FA,
exhibited the same effect on blood lipoproteins [120]. However, the
potential impact of the naturally occurring (ruminant) trans FA is not
convincing because of the large scatter (trans FA intake ranged from
2.8 to 10.0 g/day) and a lack of sufficient observations at high intakes
[120]. Moreover, the share of natural trans FA in our diet is usually
b0.5% [69]. Therefore, the aforementioned risks might not be
applicable to the naturally occurring trans FA [127].

6.1.2. MUFA and PUFA
The substitution of 1 energy% CHO by 1 energy% PUFA and, to a

lesser extent, MUFA is accompanied by a reduction in LDL-C (mean:
−0.019 and −0.009 mmol/L, respectively) and TC/HDL-C ratio
(−0.032 and −0.026 mol/mol) and an increase in HDL-C (0.006
and 0.008 mmol/L) [128]. Thus, based on the TC/HDL-C ratio, MUFA
and PUFA appear as the healthier options, comparedwith CHO. On the
other hand, the relation between serum lipoprotein-cholesterol
concentrations and CVD risk is more complicated than until recently
assumed. This has become clearly illustrated by the failures of
cholesteryl ester transfer protein inhibitors to reduce CVD risk despite
their ability to greatly increase HDL-C [129,130], and the aforemen-
tioned pleiotropic effects of statins, which include a reduction of low-
grade inflammation next to their cholesterol-lowering action
[105,131]. The intimate relationship between inflammation and
metabolism [132] (further reviewed), including cholesterol metabo-
lism [115], indicates that the changes in “cholesterol” concentrations
in Western societies are influenced by many lifestyle factors that may
collectively cause low-grade inflammation and thereby CVD [2,3]. The
conflicting evidence on the association between SFA and blood lipids
suggests that SFA may not be the main culprit in raising blood lipid
levels and, thereby, may not be a major risk factor in the development
of CVD [133].

The initial GISSI-Prevenzione [134] and JELIS [135] studies
supported the use of fish oil supplements in the secondary prevention
of coronary heart disease, but a recent metaanalysis [136] and
systematic review [137] yielded little or no effects, probably because
fish oil may not contribute to a preventive effect on top of the highly
effective current treatment with drugs [138]. EPA and DHA cause no
change in TC and slightly increase both HDL-C and LDL-C [139,140].
They hold important antiarrhythmic, antithrombotic, antiathero-
sclerotic and antiinflammatory effects, while they also reduce serum
TGand bloodpressure and improve endothelial function [141]. Animal
studies demonstrated that the combination of ω3-PUFA with SFA
increases ω3-PUFA concentration in plasma and liver lipids [142] and
that dietary SFA raise blood lipids (cholesterol and TG) only when the
diet is deficient in ω3-PUFA [143]. Studies in humans showed that
combining SFA and ω3-PUFA caused a synergistic beneficial effect of
both types of FA, increasing red blood cell membrane fluidity;
decreasing TC, LDL-C and TG; and increasing HDL-C [144,145]. On
the other hand, a high ω6-PUFA diet was shown to increase hepatic
cholesterol in mice when compared with a high-SFA diet [142]. The
amount of ω3-PUFA required to cause any beneficial effect was
maximized for mice consuming background diets with a low ω6-
PUFA/SFA ratio [143]. EPA and DHA, synthesized from linseed oil or
directly obtained from fish oil, are more efficiently incorporated into
rat microsomal phospholipids at a SFA (hydrogenated beef tallow)-
rich diet than at an LA (safflower oil)-rich diet, causing a reduction of
AA and a higher EPA/AA ratio. A higher EPA/AA ratio relates to less
inflammation, more vasodilatation, reduced coagulation and reduced
growth. The LA-rich diet also increased the esterified cholesterol
content and the unesterified cholesterol/phospholipid ratio in hepatic
microsomes [142]. The same group also showed that, following ALA
supplementation of rats, the extent of ALA, EPA and 22:5ω3
incorporation into liver and plasma lipids decreased with the
backgrounddiet in the order SFA+ALA>MUFA+ALA>ω6-PUFA+ALA
[143]. In addition, investigationswith humans revealed thatmoderate
intakes of 14:0 (from butter) and ALA (from rapeseed oil) were
synergystically associated with more favorable plasma lipids, higher
ω3-PUFA in plasma lipids and higher erythrocyte membrane fluidity
[144,145]. Jointly, these studies demonstrate the superiority of a
combination of dietary SFA and ω3-PUFA to cause higher ω3-status
and thereby its associated favorable health effects, when compared
with a combination of dietary LA and ω3-PUFA [143]. This effect
appears in line with the so-called “Israeli paradox”: the inhabitants of
Israel present dietary habits low in calories, fat and SFA andhigh inω6-
PUFA, while their rates of Western illnesses are about the same as in
the USA [146]. Altogether, these data confirm the recommendation of
a diet high in ω3-PUFA with a concomitant reduction in the
consumption of ω6-PUFA [133], which is basically what we have
eaten in the past [147].

6.1.3. SFA
The harmful effect of dietary fat, notably SFA, and its relation with

CVD, is increasingly questioned [69,72,148–151]. Recently, a revised
metaanalysis of RCTs showed that the substitution of SFA (and
possibly trans FA) byω6-PUFAwithout simultaneously increasingω3-
PUFA presents no indication of benefit and it is even likely to increase
CVD risk [152] (Fig. 4).

To venture into this discussion, it is important to review the
historical relation between SFA intake and TC (Fig. 5). This relation is
subject to a strong interindividual variation: SFA consumptions of 15%
and 4% may correspond with TC values of 3 and 6 mmol/L,
respectively, illustrating that SFA intake only explains a small part of
TC variation. Other factors influencing the effects of SFA intake on LDL-
C are the amount of dietary cholesterol, the apolipoprotein E4 allele,
obesity, insulin resistance, hypertriglyceridemia and female gender
[153]. Moreover, the average TC increase due to SFA intake is low: the
replacement of 1 energy% CHO by 1 energy% SFA corresponds with an
LDL-C increase of 0.033–0.045 mmol/L, but also with a frequently
ignored concomitant increase of HDL-C with 0.011–0.013 mmol/L
[83]. These changes take place in the context of an also frequently
ignored lower TG (mean: −0.021 mmol/L) and without any signif-
icant effect on the TC/HDL-C ratio and ApoB [128,154]. For instance, in
The Netherlands, a reduction of SFA intake from the current
13 energy% to the target intake of 10 energy% would result in an
irrelevant CVD risk reduction at the individual level [69], when
estimated from the SCORE algorithm for CVD risk assessment.
Apart from the TC/HDL-C ratio, this algorithm also takes other risk
factors into account, notably gender, age, smoking and systolic blood
pressure [155].

It has been established that adipose tissue SFA content does not
reliably reflect SFA intake and that adipose tissue SFA is at the same
time inversely related to CVD [156,157]. Others have found that SFA
status does not correlate well with dietary SFA [158]. We [150]
recently showed, in an observational study of healthy African and
Dutch subjects, that 14:0 status, 16:0 status and SFA status correlate
positively with the TC/HDL-C ratio. SFA intakes in RCTs are, on the
other hand, unrelated to this frequently used ratio for the calculation
of individual CVD risk. The discrepancy between SFA intake and SFA
status might derive from the often-overlooked endogenous SFA
synthesis (DNL; notably 16:0) from CHO and other precursors,
which, in contrast to the widespread believe, may contribute to a
sizeable extent to SFA status [29,159]. Estimations of CVD riskwith the



Fig. 4. Metaanalysis of effects of LA-selective interventions andmixedω3/ω6 PUFA interventions on risk of cardiovascular death. LA selective interventions selectively increased intake
ofω6 LAwithout a concurrent increase inω3 PUFA. Mixed PUFA interventions increased intake ofω3 PUFA andω6 LA. PUFA interventions replaced high-SFA control diets in each trial.
*Significant heterogeneity between groups. Adapted from Ramsden et al. [214] with permission from Cambridge University Press.
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TC/HDL-C ratio as proxy suggest that the Dutch, who are represen-
tative for a population with typical Western lifestyle, would have
lower CVD risk than the African populations [150]. This is highly
counterintuitive, considering that more than 75% of the current adult
Dutch population does not adhere to the recommendations for adults
of 200 g fruits and 200 g vegetables per day, nor to the consumption of
at least two servings of fish per week (one time fatty fish), while also
their intake of CHO with high glycemic index (GI) is high [33]. These
observations raise the question of whether the TC/HDL-C ratio is a
suitablemarker for CVD risk estimation, andunderline the usage of the
aforementioned TG/HDL-C ratio as a more sensitive marker for the
insulin resistance (metabolic) syndrome [110,117].

6.2. Observational and prospective studies on saturated fat: How big is
the risk?

Recent observations in a prospective cohort study of older adults,
the Cardiovascular Health Study, demonstrated divergent associations
of circulating 16:0 versus 18:0 and 20:0 with atrial fibrillation. Higher
levels of circulating 16:0 were associated with higher risk, while
higher 18:0 and 20:0 were associated with lower risk, following
adjustment for other atrial fibrillation risk factors [160]. Accordingly,
18:0 does not show any deleterious effect on CVD risk [161] and the
evidence for its putative effect on thrombotic susceptibility appears
inconsistent [162,163]. An update of the Nurses' Health Study showed
that SFA intake alonewas not a predictor of CVD and that only a higher
PUFA intakewas associatedwith decreased CVD risk,whereas a higher
trans FA intake was associated with increased CVD risk, independent
of other dietary and CVD risk factors [164]. Furthermore, a recent
study in 2412 patients with established CVD was unable to find an
association between dietary SFA intake and the incidences of both
coronary events and mortality [165].

One of the strongest arguments against the presumed unfavorable
effects of dietary SFA are the recent metaanalyses showing that,
despite the undeniable (weak) relationship with cholesterol, dietary
SFA are not associated with hard endpoints [153,166,167], even after
adjustment for serum TC [168]. Mente et al. [166] studied the outcome
of prospective studies and RCTs, which analyzed the relationship
between various nutritional factors and CVD. There were strong and
moderate degrees of evidence found for the beneficial effects of,
among others, fruit, nuts, Mediterranean diet and MUFA, fish and fish
oil FA, while strong negative effects were found for trans FA, foods
with a high GI and GL and Western food. At the same time, there was
insufficient evidence for SFA, PUFA, total fat, alpha-linolenic acid,
meat, eggs and milk. Siri Tarino et al. [153] performed a metaanalysis
of 21 prospective studies following 347,747 people during 5–23 years.
Within this time frame, there was no relationship found between SFA
intake and the development of CVD. More recently, The Health ABC
Study, involving subjects with ages between 70 and 79 years, did not
find any significant association between SFA consumption and CVD
risk [169]. Finally, a recent study in rats has shown that virgin (highly
saturated) coconut oil reduces CVD risk by exerting beneficial effects
on lipid parameters through reducing DNL and enhancing the rate of
FA catabolism [170].
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Fig. 5. Relationship between energy% intake of dietary saturated fat and serum TC. The slope amounts to 0.067 mmol/L serum cholesterol per energy% SFA (2.6 mg/dl/%). The shaded
portion shows the expected benefit if saturated fat intake is lowered from 15 energy% to the currently recommended 10 energy%. This dietary change corresponds with an average
serum cholesterol reduction of 0.34 mmol/L (13 mg/dl). The sizeable scatter indicates that SFA intake is an only modest determinant of TC in the population. Adapted from Volek et al.
[172] with permission from Elsevier.
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Forsythe et al. [171] and Volek et al. [172] clearly illustrated that
SFA intake does not necessarily predict SFA status and CVD risk
(further reviewed). Their valuable data suggest that it is not only the
dietary SFA content but especially the entire dietary composition, and
within this context the CHO energy%, that determines whether SFA
intake is associated with detrimental outcomes or not [150].
Populations with low CVD risk show a wide range of fat intake,
varying from 15% in China to 40% in some Mediterranean populations
[173], but all of them presentminimal intakes of trans FA, high intakes
of ω3-PUFA and low intakes of ω6-PUFA. Most of these low-CVD-risk
populations consume low amounts of SFA, but there are a few notable
exceptions with high-SFA intakes. These include the Pacific Islander
populations of Tokelau [174] and Kitava [175] and also the Maasai
[176] and inhabitants of Chole [150] in Africa. In this context, it is
noteworthy that the CVD mortality risk associated with eating too
little fruit, vegetables and fish has been estimated to be 10 times
greater than that due to SFA [98].

6.3. The controversy with milk and meat as saturated fat sources

Despite the sizeable contribution of both dairy products and meat
to the SFA content of our diet, there is no consistent evidence that their
consumption is associated with higher CVD risk [177–179]. A recent
metaanalysis comparing the effects on cardiometabolic riskmarkers of
increasing daily intake of low-fat dairy versuswhole-fat dairy (mean:
3.6 servings/day for 26 weeks) showed neither improvement nor
difference between both groups [180]. In agreement with these
findings, a dose–response metaanalysis of prospective studies [181]
indicated that milk intake is not associated with total mortality and
may even be inversely associated with overall CVD risk. This finding
was confirmed in the recent Multi-Ethnic Study of Atherosclerosis
(MESA) [179]. More recently, in two large prospective US cohorts (the
Health Professionals Follow-Up Study and the Nurses' Health Study),
circulating biomarkers of dairy fat were not associated with stroke
[182], while anothermetaanalysis provided further evidence support-
ing a beneficial effect of dairy consumption on CVD [183].

Results from short-term intervention studies indicate that a diet
higher in SFA from whole milk and butter increases both LDL-C and
HDL-C when substituted for CHO or unsaturated FA and might
therefore not affect or even lower the TC/HDL-C ratio [184]. A study
with healthy 15-year-old Swedish boys and girls found inverse
associations between the dietary SFA content, mainly derived from
milk, and serum concentrations of cholesterol and ApoB. These data
suggest that milk fat contains, or is associated with, some component,
or some other characteristics of food intake or lifestyle, that
counteracts the expected negative effect of SFA intake on serum lipids
[185]. Suggestions include CLA [186] and trans palmitoleic acid [187].
The latter has recently been associated with higher HDL-C levels and
lower TC/HDL-C ratio, adiposity, TGs, C-reactive protein (CRP), fasting
insulin, blood pressure and onset of DM2 [187]. However, despite all
the currently available evidence, whole fat dairy is still not
recommended in most food guidelines [98,188,189] because of the
concern that SFA in dairy food may have an adverse effect on serum
lipids, increasing CVD risk.

Evidence regarding meat shows conflicting results. While the
recent MESA study revealed an association between high meat intake
and increased CVD risk [179], a metaanalysis of 2010 displayed no
association between red meat consumption and CVD and blamed its
processing for substantially increasing CVD and DM2 risks [178]. The
Global Burden of Disease Study [190] identified high blood pressure,
tobacco smoke and alcohol use as the three leading risk factors for
disease. A diet high in redmeat ranked lowest in a list of 43 risk factors
contributing to the global burden of disease. Therefore, recommen-
dations to reduce the consumption of unprocessed red meats may
be unnecessarily restrictive [191]. The traditionally living Maasai,
with intakes of both meat and milk that highly surpass the median
Western (saturated) fat intake, present the highest 16:0 content
ever measured by our group, both in red blood cells [150] and breast
milk [51]. They have an average TC of 4.9 mmol/L [150] and almost no
evidence of CVD [176,192].

6.4. Effects of replacing saturated fat by other nutrients

Several questions regarding the relationship of SFA intake with
CVD risk remain unanswered, especially whether the health effects of
reducing SFA consumption are different depending on the replace-
ment nutrient [67].

6.4.1. Saturated fat replacement by CHO
Replacing SFA with CHO with high GI values is associated with

higher risk of myocardial infarction, while its replacement with CHO
with low GI is associated with lower risk [193]. A recent systematic
review and metaanalysis demonstrated that higher ad libitum CHO
intakes are associated with increased TG levels [194], while exchang-
ing either CHO or protein for fat improves the lipid-related CVD risk
profile in overweight men and women [195]. Hence, the reduction of
SFA intake without any consideration on the replacement nutrient
may have substantial unfavorable effects on disease risk, especially
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because the most common replacement nutrient in populations has
been CHO [154]. Prioritizing SFA replacement with CHO, notably
refined CHO and added sugars, has been associated with atherogenic
dyslipidemia and increased CVD risk [153]. In fact, foods containing
high amounts of CHO have been implicated in the etiology of obesity
and DM2 [196,197] and are associated with nonalcoholic fatty liver
disease (NAFLD) and nonalcoholic steatohepatitis (NASH) [29,198]
(further reviewed). SFA [199] and CHO [200] intakes are strongly
associatedwithNAFLD in obese children, aswell as a low consumption
of dietary fiber and ω3-PUFA [199], which underlines the importance
of the multiple interacting factors playing a role in the ultimate
(metabolic and inflammatory) status.

6.4.2. Low-fat/high-CHO diets
Over the last years, an increasing number of study outcomes have

challenged the low-fat dietary approach [92]. A diet lower in CHO and
concomitantly higher in fat and protein seems a much better option
for weight loss and for the secondary prevention of chronic, typically
Western, diseases [201,202]. Liu et al. [203] suggested that the high-
CHO/low-fat diet currently recommended in theUSAmay increase the
risks of insulin resistance and glucose intolerance and that a high
dietary GL from refined CHO increases CVD risk, independent of other
CVD risk factors. As an example, among subjects at high CVD risk, a
Mediterranean diet (around 40 energy% fat, 40 energy% CHO and
16 energy% protein) fortified with either extravirgin olive oil or nuts
achieved a 30% improvement over a low-fat diet in terms of
cardiovascular events [204]. These data are further strengthened by an
RCT comparing a low-fat diet (with b10 energy% SFA) versus a low-CHO
diet (12 energy% from CHO) [171,172], showing that the low-CHO diet
caused greater improvements on numerous endpoints such as body
fatness, lipids, glucose tolerance, inflammation and thrombogenic
markers (more details in paragraph “SFA and inflammation”). Severely
obese subjects (mean body mass index: 43 kg/m2) with a high
prevalence of DM2 or the metabolic syndrome lost about three times
more weight during 6 months on an ad libitum CHO-restricted diet
(b30 g CHO/day, no calorie restriction) than on a calorie-restricted
(calorie deficit, 500 kcal/day) and fat-restricted (fat intakeb30 energy%)
diet. Subjects following the CHO-restricted diet exhibited a relative
improvement in insulin sensitivity and TG levels, even after adjustment
for weight loss [205]. Increasing refined CHO intake, concomitant with
decreasing intakes offiber, paralleled theupward trend in theprevalence
of both obesity and DM2 observed during the 20th [206] and 21st [75]
centuries (Fig. 2). Meanwhile, there is no doubt that added sugars and
sugar-containing soft drinks are important determinants of blood
pressure, serum lipids and bodyweightwithin the free-living population
consuming an ad libitum diet [207,208]. From different mechanistic
points of view, high-CHO diets have been reported to reduce body fat
oxidation [209], increase blood TGs [210,211] and reduce satiety [212]
compared to low-fat diets, prompting the question of their suitability for
patients suffering from the metabolic syndrome, CVD and DM2 [92].

6.4.3. Saturated fat replacement by MUFA and PUFA
Evidence suggests that SFA replacement by MUFA lowers CVD risk

[154], although noRCThas directly tested this relationship [213]. On the
other hand, metaanalyses of RCTs have shown that partial replacement
of dietary SFA for LA, the dominatingdietary PUFA, is unlikely to provide
the intended benefits and may actually increase the risks of both CVD
and death (Fig. 4) [152,214]. An excessiveω6-PUFA intake from refined
vegetable oils has been identified as a contributor to cancer and CVD
[215]. In line with these data, a recent systematic review, metaanalysis
and metaregression of RCTs showed no significant benefit of SFA
replacement by PUFA in the secondary prevention of CVD [216].
Anothermetaanalysis of 11 cohort studies and8RCTswheredietary SFA
was replaced by PUFA [217], concluded that the benefits on CVD risk (in
terms of TC/HDL-C reduction) could not distinguish between the
potential benefits of increasing PUFA and reducing SFA intake. It was
also noted that “the relatively modest magnitude of plausible benefit
(about 10% lower CVD risk for 5 energy% replacement) indicates a need
for a substantial policy focus on other dietary risk factors for CVD, in
particular, high consumption of salt and low consumption of seafood,
whole grains, fruits and vegetables [217]”. These outcomes contrast
with the current recommendations of the AHA to limit SFA intake to
b7 energy% [188] and augment LA intake to at least 5–10 energy% [97].
As argued by Ramsden et al. [152], this advice may not provide “the
most convincing” and “decisive” evidence base, with “immediate
implications” for “population and individual level recommendations"
to substitute ω6-PUFA-rich vegetable oils for SFA. Finally, the arterial
plaque is primarily composed of unsaturated fats, particularly PUFA
(andnot SFA) [215],while SFAhavebeensuggested as thepreferred fuel
for the heart [218].

Taken together, recent systematic reviews and metaanalyses do not
support the current guidelines encouraging a high PUFA (i.e. LA) and low-
SFAconsumption [216,219], andhence,dietaryguidelines should strongly
reconsider their recommendations for replacing SFA with ω6-PUFA [64].

7. The connection between saturated fat and inflammation

Since the discovery that obesity is associated with accumulation of
macrophages in adipose tissue [220], the mechanisms by which the
latter becomes inflamed, resulting in insulin resistance, have become
an important research question. Several studies demonstrated that
SFA might cause adipose tissue inflammation by processes involving,
among others, toll-like receptor (TLR) TLR-4, a sensor that binds
bacterial lipopolysaccharide (LPS) [221] and therebyplays a key role in
the innate immune response [132]. This chapter embarks into the
relation of SFA with inflammation.

7.1. DNL and insulin resistance

It has been known for at least 60 years that either fasting or dietary
CHO removal results in the virtual absence of DNL [222]. The normal
response to fasting, i.e. the lowering of glucose and insulin, accelerated
breakdownof stored body fat and increased release of free FA (adipose
tissue) and ketones (liver), is mimicked by a very low CHO diet
[223,224], also named ketogenic diet. Even small decreases in insulin
are associated with large increases in fat breakdown and fat oxidation
[225]. Conversely, due to limited storage capacity, a high-CHO intake
promotes the conversion of CHO to SFA (DNL), a process that becomes
stimulated by preexisting insulin resistance [29] and by the rapidity by
which both glucose (high GL) and fructose enter the body [226]
(Fig. 6). The flux towards acetyl-CoA in the liver determines whether
its origin from fat, CHO, protein or alcohol will be used only for energy
generation or concomitant conversion to fat, explaining the occur-
rence of both alcoholic fatty liver disease andNAFLDwhenoverloaded.

Adipose tissue acts as a buffer capable of accumulating and
depositing excess lipids. Impairment of this buffering mechanism,
such as in insulin resistance, results into a radical remodeling of lipid
flow that promotes accumulation of lipids in the liver, skeletalmuscles
and pancreatic beta cells [227]. Insulin resistance and its associated
metabolic adjustments are important determinants of CVD [111].
Diets rich in fat, mainly SFA and trans FA, as well as CHO-rich diets,
favor insulin resistance, independent of adiposity [228,229], while
dietary fiber intake is inversely associated with the risk of developing
insulin resistance in adults [228].

NAFLD and its sequel, NASH, are the hepatic manifestations of the
metabolic syndrome (also named the insulin resistance syndrome
[110]). These conditions are among themost profound stimulators of
DNL from CHO [159], while insulin resistance also stimulates fat
mobilization from the adipose tissue in the form of free FA. The
prevalence of NAFLD is estimated at 25–30% in the adult Western



Fig. 6. Importance of dietary CHO in the synthesis and oxidation of saturated fat. Right side of the figure: high-CHO diets promote the initial utilization of CHO for energy generation,
causing sparing of the concomitantly consumed dietary SFA and promoting DNL (i.e. synthesis of SFA and MUFA). This occurs notably with hypercaloric CHO-rich diets and CHO with
highGI and in subjectswith themetabolic syndrome (eventually causingNAFLD [29]). Concomitant DNL and sparing of dietary SFA contribute to increasing SFA status,which under such
conditions becomes increasingly disconnected from dietary SFA intake and may become deleterious when uncompensated by other factors. Left side of the figure: low dietary CHO
causes oxidation of dietary SFA, low DNL and low-SFA status, contributing to less SFA-induced inflammation. Adopted from [316] with permission from Wolters Kluwer Health.
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population [230]. In patients with NAFLD, more than 25% of the FA in
the liver and VLDL are de novo synthesized compared to less than 15%
deriving from the diet [159]. In the Korean general population, the
energy% from CHO is positively related to serum aminotransferase
activity and metabolic syndrome prevalence, while the dietary fat
percentage is inversely related [231,232]. Other prominent sources
of DNL are fructose and alcohol, which bear great resemblance with
CHO in their tendency to be converted into fat in the liver [226].
However, also in this context, it is the dose that makes the poison.
Therefore, the total caloric intake from (other) sugars and other
macronutrients [233–235], the rapidity of entry and the metabolic
context of reduced insulin sensitivity should also be taken into
consideration. Not surprisingly, subjects with NAFLD have been
estimated to consume five times more CHO from soft drinks than
their healthy counterparts [236].

The contribution of CHO to DNL (notably 16:0) and to a sizeable
extent to SFA status [237]was illustrated by Forsythe et al. [171], Volek
et al. [172] and, more recently, Volk et al. [238]. Forsythe and Volek
[171,172] studied subjects with the metabolic syndrome and
compared the effects of a high-fat/high-SFA (58.9 energy% fat, 36.4 g
SFA/day)/very-low-CHO (12.4 energy%)/hypocaloric diet (1500 kcal)
versus an equally hypocaloric diet with low fat (23.8 energy%), low
SFA (11.7 g/day) and high CHO (55.8 energy%). They found that the
high-fat/high–SFA (36.4 versus 11.7 g/day)/very-low-CHO-hypocaloric
diet did not only cause a more pronounced decrease in SFA status (in
cholesterol esters and TG) but also improvements in markers of the
metabolic syndrome (greater weight loss, decreased adiposity, im-
proved glycemic control and insulin sensitivity and more favorable TG,
HDL-C and TC/HDL-C responses), markers of “atherogenic dyslipid-
emia” and CVD risk (e.g. postprandial lipidemia, apolipoproteins, LDL
particle distribution and postabsorptive and postprandial vascular
function), inflammatorymarkers (cytokines, chemokines and adhesion
molecules) and markers of oxidative stress (urinary isoprostanes). In
the recent study of Volk et al. [238], subjects with the metabolic
syndrome were fed six different 3-week diets (300 kcal/day energy
deficit) that progressively increased CHO intake (from47 to 346 g/day)
with concomitant decreases in total fat and SFA (from 84 to 32 g/day).
At baseline, subjects consumed diet with 333 g CHO/daywith 46 g/day
SFA. CHO intakewas adjusted every three weeks and total fat decreased
proportionately to keep total energy constant. SFA intake was 40 g% of
total fat for all phases. Despite a marked increase in dietary SFA intake
from baseline to the first diet (46 to 84 g/day) and then a progressive
decrease to 32 g/day in the last diet, the proportions of total SFA in
plasma TG, CE and phospholipids of 16:0 in plasma TG and CEwere not
affected and were not associated with dietary CHO or SFA. Conversely,
plasma palmitoleic acid, a biomarker associated with increased risk of,
among others, insulin resistance, metabolic syndrome and DM2 [239],
increased in all-three lipid fractions as CHO intake increased. These data
suggest that it is not only the dietary SFA content but the entire dietary
composition, and especially the CHO content, that determines whether
SFA intake is associatedwith detrimental outcomes or not. Current data
indicate that when the diet is low in SFA and high in CHO, dietary SFA
are spared and additionally de novo synthesized from the abundant
dietary CHO, but when the diet is low in CHO, dietary SFA are used for
energy generation.

Taken together, it has become clear that high-CHO diets promote
the initial utilization of CHO for energy generation, causing sparing of
the concomitantly consumed dietary SFA and promoting DNL (i.e.
synthesis of SFA, notably 16:0, and MUFA, notably 18:1ω9). This
situation especially occurs with hypercaloric CHO-rich diets, high-
CHO intake (notably CHOwith high GI) and high-fructose and alcohol
consumption and in subjects with the metabolic syndrome [29].
Accumulating fat in the liver eventually causes NAFLD. Concomitant
DNL and sparing of dietary SFA increase SFA status, which under such
conditions becomes disconnected from dietary SFA intake. The
outcome may be expected to become deleterious when uncompen-
sated by antiinflammatory factors and/or during circumstances of
massive fat (SFA) mobilization.

7.2. SFA and inflammation

High-fat diets, notably those rich in SFA [240,241], have been
shown to promote LPS (from Gram-negative bacteria) uptake in the
gut [242] (Fig. 7). The subsequent postprandial (low-grade) endotox-
emia may cause low-grade systemic inflammation [243], insulin
resistance and obesity [244]. TLRs play a key role in recognizing

image of Fig. 6


Fig. 7. Factors determining SFA status and its role in chronic systemic low-grade inflammation and atherogenic dyslipidemia. Chronic systemic low-grade inflammation is central in this
pathophysiological cascade. Starting in the upper left of the figure. High-fiber intake may increase Gram-positive Firmicutes, resulting in a higher production of SCFA, which together
support gut integrity and may decrease LPS uptake [293,294]. High-fat diets, especially those rich in SFA, have been shown to increase LPS uptake in the gut [241,242]. LPS may cause
inflammation by its binding to TLR-4 [317]. A high-CHO intake induces DNL and the production of SFA, while it also promotes sparing of dietary SFA. DNL is also stimulated by insulin
resistance, the metabolic syndrome, NAFLD/NASH and foods with high GL, fructose and alcohol [226]. A high-SFA status may cause inflammation via the activation of TLR-4 and TLR-2,
ceramide production and by the formation of lipid rafts. Fetuin A, a liver-derived circulating glycoprotein, functions as an adaptor protein directly linking SFA to TLR-4 activation and
promoting lipid-induced insulin resistance [269,270]. However, fetuin A acts as a pleiotropic molecule [273], which can also promote wound healing [277]. Excessive storage of SFA in
adipose tissuemay cause high free SFA in insulin-resistant subjects and upon fasting and thereby contribute to inflammation. Inflammation induces adaptations inmetabolic (e.g. insulin
resistance), hormonal (e.g. reduced insulin sensitivity, up-regulation of the HPA axis, down-regulation of the HPG axis) and nervous pathways [e.g. sympathetic nervous system (SNS)
activation] that are jointly meant for the reallocation of energy-rich nutrients that spare glucose for the brain and immune system, and it forces other organs to use lipids for energy
generation [3]. Among these changes, we find alterations in lipoproteinmetabolism (high TGs, high free fatty acids, lowHDL) and in cholesterol homeostasis (lowHDL, small dense LDL,
“dysfunctional” HDL), which are jointly known as the “atherogenic dyslipidemia” of the metabolic syndrome. All of these inflammation-induced adaptations aim at the short-term
redistribution of energy, modulation of the inflammatory reaction and the repair of the damage produced by the infectious agent and immune system. However, in the long run, they
cause the typically Western diseases of the metabolic syndrome. Whether SFA plays a relevant contributing role in the development of chronic systemic low-grade inflammation (the
central factor in this pathophysiological cascade) is dependent onmany other proinflammatory factors and their balancewith antiinflammatory counterparts. Among the inflammatory
factors are lack of exercise, high dietary ω6/ω3 ratio, chronic stress, anxiety and depression, air pollution (smoking included) and insufficient sleep. Antiinflammatory factors are e.g.
physical exercise, fish and fish oil, high fruits, vegetables and fiber, foodswith lowGL, low psychosocial stress and adequate sleep [2]. Adapted from [150]with permission from Elsevier.
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pathogen-associated molecular patterns and the subsequent activa-
tion of innate immune responses for host defense [221]. They are also
crucial in shaping the adaptive immune response from its initiation
to the development of immunological memory [245], in the sensing
of metabolic disturbances and in linking immune responses to
metabolic adjustments [109]. Among the different TLR subtypes,
TLR-4 and TLR-2 on macrophages become activated in response to
bacterial infection, tissue damage and, according to some authors
(further explained), SFA [246,247]. LPS is among the natural ligands
of the TLR-4 complex, while TLR-2 can recognize lipoproteins/
lipopeptides of Gram-positive bacteria and mycoplasma [248]. LPS
acts therefore as a signal molecule to detect the presence of the
infectious source, with TLR-4 and TLR-2 constituting the sensors. The
“lipid A” moiety (also named endotoxin) of LPS contains 12:0 and
14:0 and their hydroxyl derivatives. These are essential for the
interactionwith TLR-4 [249] and abundant in coconut oil (Table 1). It
is now well documented that TLRs form homooligomers or hetero-
oligomers [250] and that the homodimerization of TLR-4 is the initial
step necessary for its activation [251]. TLR-4 is located on
macrophages and adipocytes, which derive from a common
precursor [252]. When activated, TLRs facilitate translocation of
nuclear factor kappa B (NFκB) to the nucleus [253], inducing
inhibition of insulin signaling, hepatic insulin resistance, activation
of hepatic ceramide synthesis and other adaptations [254].
SFA can also become incorporated into specific "lipid raft" domains
of the plasma membrane, where they enhance TLR-4 dimerization,
tyrosine-protein kinase CSK recruitment [251,255] and the activation
of downstreamsignalingpathways (i.e. JNK/AP-1) thatmay eventually
inhibit insulin action [256]. Ceramides are produced via sphingomye-
linase cleavage of membrane sphingolipids, from free FA by de novo
synthesis or by recycling of more complicated glycosylated ceramides
[257]. They modulate a variety of cellular responses including cell
death, autophagy, inflammation and insulin signaling [258] and can
lead to insulin resistance via different mechanisms. First, they can
induce dephosphorylation of AKT2, an important signaling molecule
in the insulin signaling pathway that is required for glucose transport,
and thereby lower insulin signaling [259]. Second, ceramides can
prevent insulin action through the activation of PKCζ, an atypical
isoform of protein kinase C that binds AKT2 and thereby suppresses its
activation [260] and involvement in the insulin signaling cascade
[227]. SFA are involved in de novo ceramide biosynthesis, where serine
and palmitoyl-CoA are condensed to form 3-ketosphinganine via a
synergistic signaling of TLR-4 and LPS through a nontranscriptional
mechanism [261]. Erridge [262] recently showed that apparently
unspoiled food stuff contain large quantities of TLR-2 and TLR-4
stimulants (i.e. a sufficient SFA-containing microbial load) and can
thereby trigger inflammatory signals. In line with these findings,
experimental administration of the ligands of TLR-2 and TLR-4,
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namely bacterial lipopeptides and LPS, to animal models of athero-
sclerosis and insulin resistance resulted in marked amplification of
both conditions [240,263–265].

Chronic systemic low-grade tissue inflammation is emerging as a
major cause of obesity-induced insulin resistance [266] with a
strikingly strong accumulation of activated macrophages [267] in
the adipose tissue of obese subjects [268] and a strong expression of
proinflammatory genes. Although TLRs appear to be a basic element of
SFA-induced insulin resistance [246,247], recent work indicates that
SFA are not direct ligands for TLR-4 [269,270] and that TLR-2, TLR-4
nor ceramide signaling is directly required for SFA-induced hepatic
insulin resistance [271,272]. The liver secretory glycoprotein fetuin A
owns the ability to interact with a variety of receptors, including the
insulin receptor and a variety of TLRs [273]. Fetuin A binds to and
activates TLR-4 [269] and can also be secreted by adipose tissue,
polarizing adipose tissue M2macrophages towards the proinflamma-
tory M1 subtype [274]. SFA, like 16:0, have been demonstrated to
upregulate fetuin A mRNA expression in the liver by stimulating the
binding of NFκB to the fetuin A promoter [273], inducing both
inflammatory signaling and impairing insulin sensitivity [256].
Fetuin A has been presented as a biomarker of chronic inflammatory
diseases, such as DM2 and atherosclerosis [270,275]. However,
recent findings have recognized fetuin A to be a pleiotropic molecule
[273], as witnessed by its ability to also act as a negative acute
phase reactant in the setting of sepsis and endotoxemia [276] but also
to promote wound healing [277]. These apparently contradictory
effects are conceivable from the logics that an inflammatory stimulus
causes not only damage but also protection from damage and
stimulation of repair.

The involvement of SFA in low-grade inflammation may vary
depending on the type of SFA (i.e. chain length) [154], other dietary
components and lifestyle factors other than diet [3]. Several sources of
SFA might ultimately cause inflammation via the abovementioned
pathways. SFA intake is clearly one of these, but the aforementioned
DNL from a CHO-rich diet (notably with high GL), presence of the
metabolic syndrome, insulin resistance, NAFLD and high intakes of
fructose and alcohol are other sources. Insulin resistance might
increase the inflammatory potential of SFA by its release from adipose
tissue as free FA, pointing at the important role of (long-term) dietary
habits determining adipose tissue FA composition. The intimate
connection between SFA and LPS, althoughmechanistically yet poorly
understood, reappraises the important role of the gut flora.

7.3. The role of the gut

Studies in septic patients [278] and healthy volunteers injected
with low-dose LPS [279] support the concept that the systemic
inflammatory response is associated with increased levels of TG and
decreases in TC, HDL-C and LDL-C, together with alterations in the
composition of the lipoprotein particles, such as the appearance of
both small dense LDL and the aforementioned “dysfunctional HDL”
[115]. “Dysfunctional HDL” is proinflammatory, prooxidant and
proatherogenic and does not support reverse cholesterol transport
[280]. This newly formed HDL carries, among others, serum amyloid A
instead of ApoA1, contains less esterified cholesterol, is rich in
sphingolipids and rather binds to macrophages than to hepatocytes,
exhibiting immunological activity. In contrast to its “dysfunctionality”,
these properties are highly functional during acute inflammatory
circumstances, aiding in the inflammatory reaction, while, due to the
active inhibition of reverse cholesterol transport, the loss of “normal”
function causes, in an direct manner, the accumulation of cholesterol
at the placeswhere it is needed for repair [3,115]. However, in the long
run, all of the above inflammation-induced allostatic adaptations in
glucose and lipid homeostasis turn into the well-known impaired
glucose homeostasis and “atherogenic dyslipidemia” components of
the metabolic syndrome, which were in reality meant for the short-
term energy redistribution, immune defense and repair.

As part of the host-defense mechanism against infection, the
purposes of changing lipoprotein composition are the redistribution of
the glucose and lipid energy sources among organs [3,281], the
prevention of an exaggerated inflammatory response by the binding of
LPS [282] and also the immediate promotion of repair. LPS binds to
lipid particles, which may be part of a humoral detoxification
mechanism. In healthy subjects, the LPS-binding protein (LBP)
circulates in association with LDL, VLDL and chylomicrons, the latter
being lipoproteins carrying lipids from the intestine to other tissues
and the particles with the highest LPS-inactivating capacity [283]. The
association of LBPwith LDL and VLDL appears to result in part from the
high affinity of LBP for ApoB. Consequently, LBP plays an important
role in the reduction of LPS activity by catalyzing LPS transfer from
micelles to circulating lipoproteins [284]. In addition, the LBP–LPS
complexes may be part of a local gut defense mechanism to fight
against translocated bacterial endotoxin [21]. The enhanced concen-
tration of circulating LBP during an acute phase response may be
crucial, since it diminishes the transfer of LPS to monocytes, reduces
cytokine secretion and thereby modulates the immune response
[285].

An important connection between potentially pathogenic bacteria,
LPS and SFA might be that the bacterial cell membrane contains
important amounts of SFA and MUFA, but not PUFA [249,286,287].
Circulating cell wall components from Gram-negative bacteria (e.g.
“lipid A” moiety) profoundly activate TLR-2 and TLR-4, even in the
central nervous system [288,289]. In the context above, it is
conceivable that SFA intake increases both LDL-C and HDL-C
concentrations [102,154,290]. We might be dealing with an evolu-
tionary conserved immune response (further explained) to SFA and
MUFA, either from bacteria or food [291], that is actually not meant to
harm but on the contrary provides a survival advantage by means of
protection/prevention from bacterial overgrowth in the gut, infection
and bacterial LPS toxicity [292].

A high-fiber diet, as observed in rural African populations,
decreases the ratio between the Gram-positive Firmicutes and the
Gram-negative Bacteroidetes. This causes increased production of
SCFA (less than 6 carbons) [293], which in turn improves gut integrity
[294] and reduces paracellular uptake of LPS. Surprisingly, a recently
identified Gram-negative microorganism constituting 3–5% of the
gut bacterial community in healthy subjects, Akkermansia muciniphila
[295], has been considered beneficial in the prevention of obesity
and DM2. Gut colonization by A. muciniphila is related to decreased
metabolic endotoxemia arising from a high-fat diet and its activity
at the mucosal surface seems to help keeping the mucosal layer in
shape [295].

As Paracelsus (1493–1541) already stated, “It is the dose (and
circumstances) that makes the poison”. Our food is composed of
complex biological systems, such as meat, fish, vegetables and fruits,
in which the nutrients, SFA included, obey to the balance that
comes along with living material [3]. It is this balance on which
hominins have evolved that may at best support our health, and it is
therefore important to gain insight into the interaction of the various
lifestyle factors.

7.4. Lifestyle and compensatory factors

Dietary SFA is only one of themany lifestyle factors playing a role in
chronic systemic low-grade inflammation and the subsequent
metabolic adaptations, including those causing changes in the
concentrations of circulating lipids and lipoprotein-cholesterol. The
environment provides us not only with many other proinflammatory
stimuli than SFA but also with many compensating antiinflammatory
stimuli [150] (Fig. 7). Among the inflammatory factors, we canfind not
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only other dietary components (e.g. a high dietary ω6/ω3 ratio) but
also lack of exercise, chronic stress, anxiety and depression, air
pollution (e.g. smoking, fine dust) and insufficient sleep. Examples of
counteracting antiinflammatory stimuli are fish/fish oil, vegetables,
fruits and fiber, low GL foods, exercise, low psychosocial stress and
adequate sleep [2,3].

Some evidence for the concept of “compensatory factors” might
come from observations of populations with traditional lifestyles. The
traditionally living Maasai exhibit high intakes of SFA from milk and
meat and very low ω3-PUFA intakes from fish, if any. They might be
well protected from CVD by other factors (e.g. physical fitness and a
temporary total abstinence from refined CHO duringwarrior hood; i.e.
up to age 30 years), resulting in capacious coronary vessels [176]. In
Tanzania, it is well known that the members of the Maasai tribe
become at risk of developing the features of the metabolic syndrome
when theymove from rural to urban areas and adopt an urban lifestyle
[296]. The inhabitants of the island of Kitava are at first glance suitable
candidates for high CVD risk, as they eat high quantities of CHO
(69 energy%) and SFA (17 energy%) and exhibit clear metabolic signs
of DNL. Nevertheless, they do not suffer from the metabolic syndrome
or CVD “despite” these seemingly unfavorable habits [297], perhaps
due to their high intake of fish, high level of physical activity [297] or
other compensatory antiinflammatory factors [2,3]. The CVD preva-
lence in France has been named “paradoxical”, as there is high-SFA
intake together with low mortality from CVD [298], an effect that has
been attributed to diet quality and diversity [299] and also to the
beneficial effects of moderate wine intake [300]. Nondiabetic
urbanized Australian Aborigines subjected to a short-term (two
weeks) and longer-term (three months) temporary reversion to
their traditional diet (i.e. low CHO/high protein), and lifestyle in
general, show an improvement in glucose tolerance and reduction of
hyperinsulinemia and plasma TG concentrations [301,302]. In addi-
tion, the major metabolic abnormalities of DM2, i.e. fasting glucose,
postprandial glucose clearance, fasting plasma insulin, insulin re-
sponse to glucose and plasma TGs, were either greatly improved or
completely normalized in another group of Australian Aborigines after
a 7-week reversal of the urbanization process by living as hunter-
gatherers in their traditional environment [303]. At least three factors
known to improve insulin sensitivity (i.e.weight loss, low-fat diet and
increased physical activity) were operating in this intervention study
andmight have jointly contributed to the favorablemetabolic changes
observed. Moreover, different responses to modern versus historically
consumed foods (i.e. foods at which humans are clearly adapted) have
been demonstrated [304,305]. As an example, a “newly” introduced
form of beef (wagyu) induced a significantly greater postprandial
inflammatory response than a traditional kind of meat (kangaroo)
[305]. Whilst kangaroo is native to Australia, wagyu beef is at the
opposite end of the spectrum in terms of human adaptation.
Nevertheless, wagyu presents high proportions of MUFA and ω3 FA
relative to other beef, and therefore, the difference in the inflamma-
tory reaction may have been even greater between kangaroo and
other “newer” and more processed meats. Finally, a recent systematic
review of RCTs comparing the effects of a Paleolithic nutritional
pattern (CHO:fat:protein=30:40:30 energy%) with control diets
based on the current dietary guidelines (45–60:25–30:10–20 ener-
gy%) showed greater short-term improvements in waist circumfer-
ence, TGs, blood pressure, HDL-C and fasting blood sugar in the
Paleolithic diet group than in the control diet group in participants
with one or more components of the metabolic syndrome [202].

8. The role of fat in evolution: Lipids, metabolism and immunity

Our current Western lifestyle has been proposed as the cause of
many interacting false inflammatory triggers, leading to a state of
chronic systemic low-grade inflammation, insulin resistance, the
metabolic syndrome andeventually the typicallyWesterndiseases [3].
The host response to infection/inflammation comprises profound
changes in lipid metabolism and cholesterol fluxes, including
increased hepatic DNL, lipolysis and cholesterol synthesis and
cholesterol redistribution [306]. Inflammation induces several meta-
bolic adaptations via hormonal (e.g. reduced insulin sensitivity) and
nervous pathways [sympathetic nervous system and hypothalamus-
pituitary-adrenal (HPA) and hypothalamus-pituitary-gonadal (HPG)
axes], which jointly lead to the reallocation of energy-rich nutrients,
notably glucose and fat, but also protein [281,307] (Fig. 7). In this
scenario of allostasis, lipids have been identified as part of the innate
immune response, while they also play an active role in the defense
against invading pathogens [308].

The abovementioned mechanisms indicate a functional link
between lipid metabolism and innate immunity that employs both
pathogen- and nutrient-sensing pathways. The link may trace back to
an evolutionary need for survival, resulting in the simultaneous
development of organ systems and signaling pathways that mediate
both processes [132]. Cells involved in metabolic and immune
responses show evidence of coordination and coevolution. For
instance, macrophages and adipocytes share a common lineage from
mesodermal stem cells, they both carry the TLR-4 [252], both secrete
cytokines and both become activated by pathogen-associated com-
ponents, such as LPS [309]. As mentioned before, these evolutionary
conserved mechanisms, now responsible of systemic low-grade
inflammation and Western diseases, originally yielded an enormous
survival advantage by protecting us fromgut bacterial overgrowth and
infection [291].

In view of the above, it seems logical to ponder that survival
pressure would have favored both energy efficiency and storage
(“thrifty genotype”), to prepare for times of food deprivation and to
organize a potent immune response to defend the host against
infectious agents [109]. When distressed, this system may aim at
sparing glucose for the immune system and the brain via the induction
of insulin resistance in selected insulin-dependent tissues and their
switching to the fat burning mode while at the same timemodulating
the immune response and restoring the inflicted damage [3].
However, in our current society, these metabolic adaptations, meant
for survival, threat to defeat us now thatwe chronically respond to the
products of the cultural and industrial globalization in the 21st century
[310]. By constituting an allostatic load, they contribute, togetherwith
other lifestyle factors, to the pathogenesis of the metabolic syndrome
and its sequels, such as atherosclerosis [115], CVD and other typically
Western diseases [3]. The underlying lifestyle causes of the metabolic
syndrome, and notably their persistence, have never been encoun-
tered during human evolution until (very) recently.
9. Conclusions

We content that it is the interaction betweenmany lifestyle factors
that determines whether SFA, and as a matter of fact any nutrient,
contributes to systemic low-grade inflammation, changes in lipopro-
tein metabolism and ultimately CVD risk (Fig. 7). The dysbalance
between proinflammatory and antiinflammatory stimuli in our
Western society does not originate from a single cause and,
consequently, may also not become solved by a single “magic bullet”.
Resolution of the conflict between our self-made environment and our
ancient genome may rather rely on returning to the lifestyle of the
Paleolithic era according to the culture of the 21st century [3,68].
Accordingly, dietary guidelines might reconsider recommendations
for replacing SFA, since “food, not nutrients, is the fundamental unit in
nutrition” [311]. Researching the entire diet and, even better, diet in a
broader context together with nondietary lifestyle factors, is a clear
research priority, as opposed to the reductionist approach of studying
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the effects of single nutrients such as SFA, CHO or PUFA, even if they
have been conducted in an RCT design.
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